The human homologues of recently discovered murine obesity genes provide relevant candidates to study the genetic component of obesity in humans. We analysed the human counterparts to murine obesity genes ob, db, agouti, tub, melanocortin 4-receptor (MC4-R) and mitochondrial uncoupling proteins 2 and 3 (UCP2 and UCP3), as well as two other chromosomal regions reported to be linked to obesity-related phenotypes in restricted populations. We found no significant evidence for linkage to any analysed loci in our total study material of 105 affected sib pairs collected from the genetically homogenous population of Finland. However, several markers on 14 cM chromosomal region flanking the MC4-R gene showed sharing of alleles identical-by-descent (IBD) more frequently than expected. A selected subset of non-diabetic obese sib pairs strengthened the P values down to 0.003 in this particular region. The smallest P value (P = 0.001) was obtained with a marker D18S487 in a subgroup containing only sib pairs with one lean and one obese parent. We therefore screened seven obese subjects included in our sib pair material for sequence changes in their MC4-R gene, but no mutations of apparent causal relationship were found. In conclusion, we could not find evidence for significant contribution of the chromosomal loci corresponding to the murine single gene obesity genes for human morbid obesity, but additional studies are still needed to clarify whether DNA alterations within or adjacent to the MC4-R gene play some role.
Introduction
Obesity increases the risk of cardiovascular disease, non-insulin dependent diabetes mellitus and osteoarthritis. Despite the extensive use of various preventive and treatment efforts since the 1950s, the prevalence of obesity continues to increase in all industrialised countries. 1 The genetic basis of human obesity has been well demonstrated by adoption and twin studies. 2, 3 In fact, estimates of the heritability of body mass index (BMI) are quite high, varying from 0.5 to 0.84. 4, 5 Cloning of the mouse obesity genes ob, db, tub and agouti [6] [7] [8] [9] and subsequent characterisation of their mutations have been important steps in better understanding of mechanisms regulating mammalian body weight. The human homologues OB, OB-R and ASP of murine genes (ob, db, agouti, respectively) have been cloned, [10] [11] [12] thus providing biologically relevant candidate genes to study human obesity. The mouse region syntenic to human 11q13 containing the mitochondrial uncoupling proteins 2 13 and 3 14, 15 has been linked to obesity and noninsulin dependent diabetes using quantitative trait locus analysis in different murine models. 16, 17 The melanocortin-4 receptor (MC4-R) gene has been shown to encode the target receptor for aberrant agouti protein 18 and accordingly represents an additional obesity gene candidate. One gene responsible for mouse leanness was also recently identified 19 and shown to code for a regulatory subunit (RII ) of cAMP-dependent protein kinase. Two genome-wide searches in restricted populations, Pima Indians and Mexican Americans, have reported two different loci linked to obesity-related phenotypes. A significant linkage to the percentage of body fat was found with markers on chromosome 11q21-q22 in Pima Indians, and one marker mapped on 2q21 showed strong evidence of linkage with serum leptin levels in Mexican Americans. 20, 21 In this study we have analysed six chromosomal regions containing human homologues of murine obesity genes and one murine 'anti-obesity' gene in a sample set of 105 obese sib pairs from the genetically isolated Finnish population. We also investigated the two other loci (11q21-q22 and 2q21) reported to be linked to obesity-related phenotypes in Pima Indians and Mexican Americans. Our results favour the idea that the murine homologues are not major determinants of human obesity, at least in the Finnish population. However, we found suggestive evidence for linkage between obesity and loci in the vicinity of the MC4-R gene, which result was strengthened in the nondiabetic subset of sib pairs as well as in the subset containing sib pairs that had one lean and one obese parent. To test the possibility that MC4-R gene mutations contribute to obesity in Finnish subjects, we sequenced the coding region, 5'-and 3'-flanking regions in seven probands included in our study.
Material and Methods

Study Subjects
A total of 105 sib pairs concordant for obesity from 92 families were ascertained through the weight reduction programme of the Helsinki University Central Hospital 22 and the Finnish Twin Cohort. 23 In the weight reduction group (n = 252), all patients were morbidly obese with a body mass index (BMI) equal to or more than 40 kg/m 2 . Those (n = 58) having one or more obese siblings (BMI ≥ 32 kg/m 2 ) were selected for the study. A physical examination was performed to recruited sib pairs. Their medical history including the development and stability of body weight, previous and present illnesses, use of medication, consumption of alcohol and cigarettes and exercise habits was registered, and occurence of obesity in family members was recorded by interview. The parents were ascertained where possible and a detailed health questionnaire was mailed to them.
The additional 46 sib pairs from 34 families were ascertained from the dizygotic twin pairs, who replied in 1975, 1981 or 1990 to mailed questionnaires of the Finnish Twin Cohort. Each questionnaire contained items on weight and height, and those pairs in which both twins had had BMIs greater or equal to 32 were identified and invited to participate in the study. A detailed health questionnaire was sent to the selected twins, as well as sibs and parents. The participating twins were asked to give a blood sample for DNA analysis at their local health centre, where their height and weight were also recorded. Both parents were available for phase determination in 16 (17%) families, one parent was available in 24 (26%) families and additional sibs were ascertained in 11 families (12%), leaving 45 sib pairs with no additional phase information. In ten of the 92 families there were three obese siblings in a sibship and in two families there were four obese siblings. The remaining 80 families had two obese sibs in a sibship. The study protocol was approved by the Ethical Review Committee of the Department of Medicine, University of Helsinki.
Genotyping
DNA was extracted according to standard procedures. 24 The subjects were genotyped using polymorphic markers within or flanking the candidate genes and loci studied. The chromosomal localisations of markers linked to human homologues are described elsewhere for ob, db 11, [25] [26] [27] and agouti. 28 The human genomic region syntenic to tub locus is reported by Chung et al, 29 whilst polymorphic markers near UCP2 and UCP3 have been reported by several groups. [13] [14] [15] Details about markers flanking MC4-R and PRKAR2B were found by consulting the Genome Data Base (at http://gdbwww.gdb.org). In the case of intragenic markers HOB, OBR-CTTT and OBR-CA, the PCR primers were as suggested. 30, 31 Radiation hybrid mapping 32 was carried out using the Stanford G3 Radiation Hybrid Panel (Research Genetics, Huntsville, AL, USA) to clarify the interrelation of polymorphic markers and the MC4-R gene. The PCRs were carried out with 15-25 µg of DNA in a reaction volume of 15-25 µl using MJ Research thermal cycler. One PCR primer of each pair was labelled at its 5' end by (γ-32 P) ATP or fluorescein isothiocyanate (FITC). The 32 P-labelled PCR products were separated by polyacrylamide gel electrophoresis in 6% denaturing gels. Autoradiography was carried out on Kodak X-Omat films. The FITC-labelled PCR products were analysed using an automated laser fluorescence (ALF) DNA-sequencing instrument (Pharmacia Biotech, Sweden). For seven of the markers, one PCR primer of each pair was labelled with fluorescent dyes FAM, HEX or TET (Applied Biosystems, Foster City, CA, USA), and analysed with an automated DNA sequencer (ABI 377).
Statistical Analysis
Non-parametric allele-sharing method was used to determine the identical-by-descent (IBD) status of the affected sib pairs. The degree of allele-shared IBD was assessed using the SIBPAIR program. 33, 34 Estimates of marker allele frequencies were obtained from the pedigree data by taking the information from parents' genotypes. In sibships of more than two siblings, this algorithm does not break them into pairs, but rather analyses them as sibships, which is generally more efficient. The statistic employed in the SIBPAIR program is computed as a lod score in which all parents are assumed to be informative for the disease, with all affected sibs inheriting the disease-predisposing allele from each parent. The 'recombination fraction' parameter in the linkage analysis is a combination of the real disease-marker recombination fraction and the percentage of the total number of meioses which are actually informative for the disease. The use of this lod score statistic ensures that the distribution of the test statistic converges rapidly to a 50-50 mix of a 2 distribution with 1df, and a point mass at 0. 35 Empirical P values were computed in this study using the simulation program SIMSIBS available from ftp:/ /156.111.227.66/software/simsibs. Simulation of the sibship size distribution used in this project showed almost perfect fit to the assumed distribution, based on 1000 000 replicates. Multipoint linkage analyses were performed using MAPMAKER/SIBS program. 36 Linkage analyses were performed in a total material of 105 sib pairs and also in five subsets defined by different criteria.
Sequencing
Seven obese probands included in the sib-pair analysis were selected for sequencing. The 1671 base-pair genomic sequence encompassing the coding sequence of MC4-R has been reported previously. 37, 38 Four separate DNA fragments covering the 5'-and 3'-flanking regions and the entire coding region of MC4-R were amplified by PCR and sequenced using the following annealing temperatures and primers: fragment 1, 57°C, 5'-GCACAGATTCGTCTCCCAAT-3' and 5'-GCACCCTCCATCAGAGTAGC-3'; fragment 2, 59°C, 5'-TTCTCTGCACCTCTGGAACC-3' and 5'-CCAACCCGCTTAACTGTCAT-3'; fragment 3, 57°C, 5'-GTAGCTCCTTGCTTGCATCC-3' and 5'-TGAGACATGAAGCACACACAA-3'; fragment 4, 55°C, 5'-TGAAGGGAGCGATTACCTTG-3' and 5'-AAATCCACAGTGCCTACAACC-3'. PCR products were sequenced by cycle-sequencing using BioDye Terminator Cycle Sequencing Ready Reaction Kit with AmpliTaq DNA Polymerase, FS (Perkin Elmer, Foster City, CA, USA) on a model 377 automated DNA sequencer (Applied Biosystems).
Results
In the present study, we tested for linkage between obesity and human homologues of seven murine obesity genes, one claimed 'anti-obesity' murine gene and two loci, D2S1788 and D11S900, reported to be linked to obesity-related phenotypes in restricted populations. 20, 21 Initially, 105 sib pairs were genotyped and analysed for a total of 30 polymorphic markers flanking the candidate regions. No significant evidence of linkage was detected in pairwise analyses with any of Murine obesity genes in Finnish sib pairs M Ö hman et al t the markers. However, several polymorphic markers lying in the immediate vicinity of the MC4-R gene and covering a chromosomal region of 14 cM, indicated excess sharing of the alleles IBD (Figure 1) . Further, the marker D11S1321 flanking UCP2 and UCP3 genes showed some evidence of increased allele-sharing (P = 0.011) as well as the marker D1S250 flanking the OB-R gene (P = 0.054), but other markers in these chromosomal regions revealed no evidence for linkage. Two-point results of all the analysed markers are given in Figure 1 . In our study, we could not replicate the findings of two recent genome-wide scans. 20, 21 Our investigation failed to demonstrate linkage of morbid obesity to either D11S900 in chromosome 11q21-q22 or D2S1788 in chromosome 2q21. However, we tested only for linkage with the final phenotype of obesity and not with specific quantitative phenotypes, such as percentage of body fat and serum leptin levels.
In the next phase, the study sample of 105 sib pairs was divided into five different subsets in order further to increase genetic homogeneity and to dissect the clinical phenotypes. The first and second subsets were composed of sib pairs having both parents originating either from the eastern or southwestern part of Finland, respectively. This rationale was based on the well demonstrated difference in risk factors for cardiovascular diseases between eastern and southwestern Finland. 39 The third group was selected to represent severe obesity having inclusion criteria BMI ≥ 37 kg/m 2 for all siblings in a sibship. In the fourth subgroup all diabetic individuals, defined on the basis of current medication for diabetes, were excluded. In the fifth set only sib pairs having one lean (BMI ≤ 26 kg/m 2 ) and one obese (BMI ≥ 32 kg/m 2 ) parent were accepted. The number of sib pairs in these individual subsets is given in Table 1 . Two-point analyses between markers and obesity in different subsets showed further evidence for linkage for markers D11S1321, D1S250 and markers flanking the MC4-R gene (D18S851, D18S487, D18S69, D18S858, D18S849, D18S1155, D18S64, D18S38). The subgroup where all diabetic subjects had been excluded proved to be the subgroup displaying the strongest association between several MC4-R gene markers and obesity (Table 1) . However, the smallest P value (Table 1) . In order to confirm that the P value 0.003 in the subsample of 80 sib pairs was still giving good fit to the theoretical distribution, a simulation was done assuming absence of linkage, in which 320 out of 100 000 replicates yielded lod scores more significant than the one observed. This gave a 95% confidence interval for the P value ranging on the interval (0.0028, 0.0036), again demonstrating the appropriateness of the assumed theoretical distribution for this analysis. Another simulation was done to confirm the P value 0.001 in the subgroup of 20 sib pairs, and also this algorithm gave a good convergence, ie the empirical P value was 0.001207 in 1000 000 replicates. We also performed multipoint linkage analyses with all the markers of the MC4-R region, but these analyses yielded no extra significance to the results obtained with the two-point analyses.
Accordingly, we examined the coding, as well as the 5'-and 3'-flanking regions of the MC4-R gene in seven unrelated probands, belonging to our sib pairs, by DNA sequencing. We found a single base substitution that replaces, as judged from the published sequence, 38 valine (GTC) for isoleucine (ATC) at codon 103. Thus, all seven individuals were homozygous for the valine allele (GTC) and no isoleucine allele (ATC) was found at all. Furthermore, all individuals tested had a sequence corresponding to isoleucine (ATC) in codon 169 at which Mountjoy et al 38 reported (AGC) sequence coding for serine. Also, one additional adenine nucleotide was found in the 3'-flanking region in all our obese subjects between nucleotides 1114(A) and 1115(T) of the published sequence. 38 All these sequence variations found in Finnish obese subjects had previously been identified in white British males. 40 No other mutations or polymorphisms were identified in the analysed regions of the MC4-R gene.
Discussion
Two presuppositions were made during design of the present study. First, Finns due to their genetically isolated position and homogenous nature were considered to represent an ideal population for studies on obesity-predisposing genes. Second, combination of strategies based on the use of human homologues of novel murine obesity genes and sib-pair linkage analysis should theoretically disclose even subtle mutations or physiologically relevant genes. The Finns represent a population which has developed from a few thousand ancestors and remained isolated for several centuries. 41, 42 The Finnish population offers a genetically unique tool for studies of complex diseases by its genetic homogeneity, the maintenance of excellent church records since the seventeenth century and the records of the health care system. In Finland, cultural and eating habits are similar within specific geographical regions 39 and consequently differences in genetic material may explain a larger proportion of the phenotype than would be the case in a more heterogenous population. Furthermore, the use of dizygotic twins eliminates such confounding factors as age and cohort differences in dietary habits adopted at early age. The prevalence of moderate obesity in Finland is high; 18% of the adult population has BMI ≥ 30 kg/ m 2 . 43 To select our study sample we applied the BMI criteria equal to or more than 32 kg/m 2 , and phenotype information was collected by performing a physical examination and by interviewing probands as well as by mailing a detailed health questionnaire to the parents. Table 1 The P-values obtained from two-point analyses between obesity and markers of interest (D18S851, D18S487, D18S69, D18S858, D18S849, D18S1129, D18S1155, D18S64, D18S38) flanking the MC4-R gene and covering a region of 14cM (http://www-genome.wi.mit.edu) in total material and different subgroups 44 ). A whole new biological signalling route from adipose tissue to the brain was discovered 45 following the cloning of the mouse ob gene 7 and ever since the new hormone, leptin, has been under extensive studies. [46] [47] [48] Using human homologues of rodent genes as candidates to study human diseases has been successfully applied in the study of another complex disease, multiple sclerosis. 33 Here we report that the sib pairs shared alleles identical-by-descent more often than expected by chance for the markers flanking the MC4-R gene in subgroups of sib pairs derived from the original material of 105 obese pairs. In our initial two-point linkage analysis of the total study set, we could not find any marker with significant evidence for linkage. However, the 14 cM region containing the MC4-R gene showed strengthened P values when subjects receiving medication for diabetes were excluded (Table 1) . Although the P values did not reach a level of indubitable significance, the wideness of the positive region around the MC4-R gene may reflect a true linkage. Recently, Terwilliger et al 49 showed by analytical argument and simulation experiments that true peaks are, on average, longer than false peaks and that longer peaks are more likely to contain the gene of interest than are shorter peaks. Thus, compared with candidate genes OB-R, UCP2 and UCP3 with only one positive marker in the respective regions, the MC4-R region containing several positive markers could represent a reliable linkage (Figure 1 ). These data prompted us to examine by DNA sequencing the entire coding region of MC4-R in seven probands included in our sibpair analysis. In addition, 5'-and 3'-flanking regions were examined in selected individuals. We found a nucleotide substitution that replaces valine (GTC) for isoleucine (ATC) at codon 103 of the published MC4-R sequence. 38 All Finnish subjects were homozygous for the valine allele. Compared with the published sequence 38 we found, similar to Gotoda et al, 40 two other sequence differences. Since the alterations comprising these three sites do not alter the coding region of the MC4-R gene, they are unlikely to explain the obese phenotype in Finnish subjects.
In previous studies, weak evidence of linkage between markers flanking the OB gene and morbid obesity was initially reported, 25, 50 but contrasting data have been presented. 22, 51 In a population-based study of Pima Indians, no significant linkage to any rodent obesity gene was found, 51 although an association between a variation at the OB-R gene and obesity in the same population was reported. 52 Further, tentative linkages of various obesity-and diabetes-related quantitative phenotypes to the region containing the OB-R gene were detected in a study of sibships derived from the Quebec Family Study, 53 whereas no association was found between mutations of the OB-R gene and human obesity in the British male population. 54 These conflicting data most probably indicate problems in the definition of modelling of the inheritance and dissection of the clinical phenotype or modification of gene effects by varying environments. Recently, no association was found between a missense variant of melanocortin-4 receptor and obesity, plasma glucose or insulin in white British males. 40 A linkage was observed between MC5-R and BMI as well as an association between MC4-R and fat mass in sib pairs of the Quebec Family Study. 55 A strong linkage between markers in the vicinity of the UCP2 and resting metabolic rate was also detected in French Canadian pedigrees. 56 Recent studies [57] [58] [59] have shown that mutations in leptin and leptin receptor genes exist in humans and cause morbid obesity and pituitary dysfunction. Furthermore, functional leptin and leptin receptor are required for the initiation of puberty and establishment of secondary sexual characteristics in humans. Another rare gene mutation affecting prohormone convertase 1 (PC1) was recently identified in an obese subject. 60 The proband had similar phenotype to that of the fat/fat mouse, 61, 62 suggesting that molecular defects in prohormone conversion may represent a generic mechanism for obesity. A fourth gene responsible for human obesity has been reported 63 recently: pre-pro-opiomelanocortin (POMC) mutations cause adrenal insufficiency and red hair pigmentation in addition to severe early onset of obesity.
In conclusion, in our candidate gene approach based on the systematic screening of human homologues of murine obesity genes, we could not identify a major gene predisposing to obesity in Finnish sibships, but observed excess sharing of alleles IBD on a wide chromosomal region containing the MC4-R gene. We sequenced the entire coding region, 5'-and 3'-flanking regions of MC4-R in seven obese subjects included in our sib-pair study, but could not identify any defect that could alter the coding region and thus the function of the protein. It is unlikely that structural alterations of the MC4-R protein would be a major mechanism explaining human obesity, at least in the Finnish population, but additional genetic studies on the chromosome 18q21.3 region may be warranted.
